African horsesickness virus (AHSV) is a member of the genus Orbivirus in the family Reoviridae (Holmes, 1991). Like bluetongue virus (BTV), the prototype member of the Orbivirus genus, AHSV exhibits typical orbivirus morphology. The ten double-stranded (ds) RNA segments encode at least ten virusspecified proteins of which three are the virus-encoded nonstructural proteins, NS1, NS2 and NS3 (Mertens et al., 1984) . Little is known about the role of the nonstructural proteins in orbivirus replication, in particular for NS1. However, it has been shown by Huismans & Els (1979) that the unique virus-specified tubular structures observed in the cytoplasm of orbivirus-infected cells are composed of NS1. In BTV-infected cells, large numbers of such virus tubules are present, predominantly in peri-or juxtanuclear locations.
These morphological structures are believed to be attached to the intermediate filament components of the cytoskeleton of the cell (Eaton et al., 1987 (Eaton et al., , 1988 . It has been suggested that they are involved in the transport of virus particles to the cell membrane or that they may be involved as molecular chaperons that prevent the core particles from assembling before the correct minor core proteins (VP1, VP4 and VP6) and\or the genome segments have been incorporated (Hewat et al., 1992) .
The NS1 genes of both BTV and epizootic haemorrhagic disease virus (EHDV) have been expressed in insect cells by means of recombinant baculoviruses and have been shown to form tubules similar to those observed in virus-infected cells (Urakawa & Roy, 1989 ; Nel & Huismans, 1991) . Threedimensional studies of the BTV NS1 tubules indicated that each tubule has a diameter of 52n3 nm and is composed of a coiled ribbon of NS1 dimers with 22 dimers per helix turn (Hewat et al., 1992) . Very little is known about the structure of the AHSV tubules except that they appear to be morphologically different from EHDV and BTV tubules (Huismans & Els, 1979) .
To obtain more information on the characteristics of AHSV NS1, we have cloned and sequenced the NS1 gene of AHSV serotype 6, and compared the nucleotide and derived amino acid sequences with those of AHSV-4 and -9. The NS1 protein of AHSV-6 was also expressed by means of a recombinant baculovirus to investigate the structure of AHSV tubules.
The cDNA from AHSV-6 segment 5 was cloned by a modification of the method of Cashdollar et al. (1984) as described by Bremer et al. (1990) . Recombinants were characterized by dot blot hybridization and PstI digestion. A clone containing an insert of approximately 1700 bp was selected and sequencing of the 5h and 3h terminal ends indicated the presence of the conserved 5h and 3h hexanucleotides, indicative of a full-length clone. The complete nucleotide sequence of the AHSV-6 NS1 gene was subsequently determined using different overlapping subclones derived from the full-length cDNA copy. All templates were sequenced at least twice and in both orientations. Sequence analyses of the NS1-encoding gene and deduced amino acid sequence were done with the CLUSTALW (Higgins & Sharp, 1988) and ANTHEPROT 0001-4504 # 1997 SGM Fig. 1 . Alignment of the predicted amino acid sequences of the NS1 protein of AHSV serotypes 6, 4 and 9. Identical amino acids are indicated by asterisks and similar amino acids by dots. In this alignment the amino acid identity is 95 % and 96 % and the amino acid similarity is 96 % and 98 % between serotypes 6 and 4 and 6 and 9, respectively. Conserved cysteine residues are indicated by an arrow. (Dele! age et al., 1989 (Dele! age et al., , 1988 computer programs. The gene was found to be 1748 nucleotides in length. The longest single open reading frame (ORF) contains 1645 nucleotides and begins with an AUG at position 36 to 38 and terminates at positions 1680 to 1682 with an UAA codon. The gene was flanked by a 5h and 3h noncoding region of 35 and 70 nucleotides respectively. The flanking sequences of the AUG codon … CAAACATGG … are comparable with the consensus sequence for initiation of translation (CX A \ G XCAUGG) identified by Kozak (1987) . A comparison with the NS1 genes of AHSV-4 (Mizukoshi et al., 1992) and AHSV-9 (L. Nel, GenBank no. U01069) revealed 97 % and 93 % conservation of nucleotides between serotypes 6 and 4 and 6 and 9, respectively. The noncoding regions were identical among the three AHSV serotypes except that in the case of AHSV-4 the 3h noncoding region was three nucleotides shorter. Similar homologies have been found for the NS1 genes of five different United States BTV serotypes where the nucleotide sequences were more than 92 % identical (Hwang et al., 1993) . Our results also correspond to those of Mizukoshi et al. (1992) who reported a 49 % sequence similarity between the NS1 genes of AHSV and BTV.
The ORF of the NS1 gene of AHSV-6 encoded a polypeptide of 548 amino acids with an estimated molecular mass of 63 478 Da and a net charge of j5 at a neutral pH. The protein was highly hydrophobic, especially with respect to the last 400 amino acids of the C terminus. A comparison of the location of the hydrophobic domains of BTV and AHSV indicated that these domains are located in areas of high amino acid similarity and their location is almost exactly conserved in the NS1 proteins of the two orbiviruses. These hydrophobic stretches are also conserved in BRDV NS1 and may play an important role in determining the tertiary structure of NS1 required for tubule formation. A comparison of the NS1 amino acid sequence with that of AHSV-4 and AHSV-9 NS1 (Fig. 1) indicates that 95 % and 96 % of the amino acids were identical between serotypes 6 and 4 and 6 and 9, respectively. The Nand C-terminal regions of the cognate proteins shared the highest identity. The positions of 14 of the 16 cysteine residues were conserved among AHSV-4, 6 and 9. Seven of these are also conserved between AHSV-6 and BTV-10 with two more present in similar regions. Monastyrskaya et al. (1994) indicated that at least two of the conserved cysteines at positions 337 and 340 in BTV-10 NS1 are essential for tubule formation. Substitution of the cysteine residues in the other positions of BTV NS1 did not affect the formation of tubules. Although a low level of sequence identity among the NS1 proteins of AHSV, BTV and EHDV was reported, highly conserved regions (10-20 amino acids) containing approximately 70 % identical amino acids could be identified (Nel et al., 1992). These conserved regions can further be reduced to a number of highly conserved amino acids, accounting for about 9 % of the total amino acids, in a comparison of NS1 of AHSV, BTV, EHDV and Broadhaven virus (BRDV) (Moss & Nuttal, 1995) .
To facilitate expression, the NS1 clone was modified by PCR in order to remove the homopolymeric tails and introduce two BamHI sites (underlined) at the 5h and 3h ends of the NS1 gene. Two 28-mer oligonucleotide primers (P1, 5h GACGGATCCAAACATGGATAGGTTCTT 3h ; P2, 5h GACGGATCCGATCTAATTATGCATGAAATC 3h) were designed for use in the PCR so that most of the 5h and 3h untranslated regions were deleted, but the Kozak sequence flanking the AUG was retained. The PCR product was cloned into the pBS expression vector under control of the T7 promoter. The central region of the cloned PCR copy was then excised by partial digestion with HindIII (position 503) and complete digestion with StyI (position 1588) and replaced with the corresponding region of the cDNA copy.
NS1 mRNA was prepared by in vitro transcription using T7 RNA polymerase (Boehringer Mannheim) and translated in an in vitro cell-free translation system. The synthesis of a single 63 kDa protein which corresponded in size to the NS1 protein synthesized in AHSV-3-infected CER cells was observed (Fig.  2 a) . The in vitro translated NS1 was concentrated by centrifugation (20 min, 16 000 r.p.m.) and analysed by electron microscopy. Short tubular structures with a diameter (23 nm) similar to that of authentic AHSV tubules were observed (results not shown). Nel et al. (1992) also reported the synthesis of tubules after in vitro translation of EHDV NS1.
The BAC-to-BAC baculovirus expression system (Luckow et al., 1993) was used for expression of the S5 hybrid gene in vivo. The NS1 gene was cloned into the bacmid transfer vector pFastBAC1. A recombinant which contained the gene in the correct transcriptional orientation was selected and used to transform E. coli DH10BAC cells containing bacmid DNA (baculovirus shuttle vector) and a helper plasmid. Recombinants were verified by means of PCR of the isolated bacmid DNA, using primers P1 and P2. The purified recombinant bacmid DNA (BAC-S5Hyb) was transfected into Spodoptera frugiperda (Sf9) cells using Cellfectin reagent (Life Technologies) and the recombinant baculoviruses were characterized. The results (Fig. 2 b) indicated that a large amount of a unique, 63 kDa protein was synthesized. This protein was absent in mock-or wild-type baculovirus-infected cells and corresponded in size to NS1 in an AHSV-3-infected CER control (result not shown). The yield of expressed NS1 in BV-AHSV6-S5-infected cells was estimated to be about 1 mg per 10' cells.
Sucrose gradient sedimentation analysis of cellular lysates of cells infected with the recombinant baculovirus was carried ( c ) Fig. 3 . Negative contrast electron micrographs. The recombinant baculovirus-expressed NS1 tubules were purified by sucrose gradient centrifugation and stained with 2 % uranyl acetate (a, b). The purified tubules were decorated with anti-AHSV-6 antiserum before staining with uranyl acetate (c). The NS1 tubules, indicated by large arrows, could be distinguished from the baculovirus tubule contaminants (BV-T), which are unlabelled. Bar markers represent 100 nm.
out as described by Huismans & Els (1979) . The largest amount of the 63 kDa protein was recovered from those sucrose gradient fractions in the region of 200-400S (results not shown). This suggested that the expressed NS1 protein was present in a particulate or polymerized form in the infected cells. Although NS1 was by far the major protein component in these fractions, variable amounts of some other, presumed baculoviral proteins were also observed.
The 200-400S NS1 complex was concentrated by centrifugation (2 h at 40 000 r.p.m.) and analysed by electron microscopy after negative staining with 2 % (w\v) uranyl acetate. The results (Fig. 3 a) indicated that the material consisted almost exclusively of tubules with an average diameter of 23p2 nm and various lengths of up to 4 µm. The variation in length could be due to breakage during the purification process and is probably responsible for the heterogeneity of the S value in sucrose gradients. The fine structure of the AHSV tubules was very different in appearance to those of BTV and EHDV tubules. AHSV tubules had an internal structure with a fine reticular ' cross-weave ' appearance. The central region of each tubule was characterized by alternating stretches of electron dense and less dense areas which could represent the lumen of the tubules. The edges of the tubules were smooth and sharply defined with no visible pattern of subunits. There was no evidence of the ladder-like or segmented appearance found in the much wider BTV (68 nm) and EHDV (52 nm) tubules. Hollow, circular structures were also observed which could represent cross-sections of tubules or very short subsections of larger tubules. The diameter of these structures corresponded to that of the AHSV tubules while their lumen had a diameter of approximately 7 nm.
In the 200-400S fractions a small percentage of baculovirus-specific tubules (Fig. 3 b) were also observed. These tubules could be distinguished from the AHSV-specified tubules by the fact that they are larger (40 nm diameter) and also by differences in fine structure. We verified the identity of the AHSV tubules by means of antibody decorating. This involved binding of AHSV-6 antiserum to tubules immobilized on grids. The NS1 tubules (Fig. 3 c) were distinguished from the wild-type baculovirus tubules in that they appeared darkly shadowed as a result of the antiserum decoration.
The effect of different biophysical conditions on the morphology of the tubules was also investigated. The tubules were unstable at a CaCl # concentration of 0n2 M and higher and only an amorphous mass of proteins was visible under these conditions. In the presence of 1 M NaCl only some tubules could be observed and they appeared to be significantly reduced in length with a large increase in the number of circular forms. When tubules were treated with buffers of between pH 8n0 and 8n5, the tubule morphology was also severely affected as seen by a reduction in length and the disappearance of fine structure. As in the case of BTV tubules (Marshall et al., 1990) , AHSV tubules were relatively resistant to low pH, but at an alkaline pH they were more susceptible to degradation than BTV tubules. Between pH 5n0 and 5n5 the tubules were generally of shorter length and the surface of the tubules appeared more uneven. At pH 5n0 or less, the tubules appeared to be denatured and NS1 aggregated in an amorphous protein mass. In general, the results suggest that the AHSV tubules are more fragile than BTV tubules.
There is as yet no evidence for a specific function of NS1 tubules in virus replication, although they may play a role in transport of mature virus particles from the virus inclusion bodies to the cell membrane where NS3 is involved in virus release. The amino acid sequence of NS1 and the structure and biophysical character of the tubules differ significantly among AHSV, BTV, EHDV and BRDV, but their self-primed synthesis is, however, a characteristic feature of all orbiviruses investigated thus far.
